The relationship of postmenopausal hormone therapy with all-cause dementia and Alzheimer's disease dementia has been controversial. Given continued interest in the role of hormone therapy in chronic disease prevention and the emergence of more prospective studies, we conducted a systematic review to identify all epidemiologic studies meeting prespecified criteria reporting on postmenopausal hormone therapy use and risk of Alzheimer's disease or dementia. A systematic search of Medline and Embase through December 31, 2012, returned 15 articles meeting our criteria. Our meta-analysis of any versus never use did not support the hypothesis that hormone therapy reduces risk of Alzheimer's disease (summary estimate = 0.88, 95% confidence interval: 0.66, 1.16). Exclusion of trial findings did not change this estimate. There were not enough all-cause dementia results for a separate meta-analysis, but when we combined all-cause dementia results (n = 3) with Alzheimer's disease results (n = 7), the summary estimate remained null (summary estimate = 0.94, 95% confidence interval: 0.71, 1.26). The limited explorations of timing of use-both duration and early initiation-did not yield consistent findings. Our findings support current recommendations that hormone therapy should not be used for dementia prevention. We discuss trends in hormone therapy research that could explain our novel findings and highlight areas where additional data are needed.
INTRODUCTION
For many years, the relationship between postmenopausal hormone therapy and dementia has been controversial. Although there was no clear consensus, beliefs about the neurocognitive benefits of estrogen were part of a broader view that supplemental estrogen could prevent chronic disease-even aging itself-in postmenopausal women (1) . Early observational studies, many of them retrospective, suggested protective associations between hormone therapy and risk of all-cause dementia and Alzheimer's disease dementia (2) . These findings were buttressed by a substantial body of animal and in vitro research that supported the idea that supplemental estrogen might stave off dementia-related neurodegeneration by promotion of cholinergic activity (3) , by protection from toxic insult (4) , by stimulation of neuron formation (5) , or by reduced formation and enhanced clearance of β-amyloid (6), the main constituent of the characteristic amyloid plaques of Alzheimer's disease. On the other hand, it was also known that hormone therapy increases inflammatory markers (7) and risk of stroke (8) , both of which are associated with increased dementia risk.
Over the last decade, findings from the Women's Health Initiative (WHI) cast doubt on the use of hormone therapy to prevent chronic disease (9) , including dementia. The WHI, conducted in approximately 27,000 women aged 50-79 years at enrollment, consisted of 2 parallel, randomized, controlled, double-blind trials. One trial compared the effects of conjugated equine estrogen (CEE) and medroxyprogesterone acetate (MPA) combined (CEE+MPA) with placebo, and the other compared CEE alone with placebo. The WHI was halted early because of increased risk of heart disease, stroke, pulmonary embolism, and breast cancer in the CEE+MPA arm and excess stroke risk and absence of benefit for heart disease in the CEEalone branch of the trial. The Women's Health Initiative Memory Study (WHIMS) also found a significant increase in dementia risk with CEE+MPA (10) and a nonsignificant increase in dementia risk with CEE alone (11) . Analyses of global cognitive function found harmful effects of CEE alone (12) and no benefit of CEE+MPA (13) . In the wake of these disappointing findings, the pendulum has generally swung away from prescribing long-term hormone use for chronic disease prevention (14) .
One interpretation of the apparent discrepancy between the early observational studies and the WHIMS clinical trial findings is that the observational studies were confounded by factors that influenced use; for example, hormone therapy use was associated with higher socioeconomic status, access to and use of health care, and a variety of health-promoting behaviors (15, 16) . Another difference concerns the timing of hormone therapy initiation: Many hormone therapy users in the observational studies began their therapy at the time of menopause, while randomization in the WHI occurred for most participants well beyond menopause. The "critical window hypothesis," as well as the hypothesized "healthy cell bias" of estrogen action (17) , suggests that the findings from the WHI and from observational investigations could both be correct, positing potential cognitive benefits with earlier initiation and potential risks with later initiation.
Although new studies are beginning to address the question of timing, it is unclear whether dementia risk varies with other dimensions of hormone therapy use, such as duration, dose, and mode of delivery. These questions are important, because hormone therapy remains the most effective treatment for vasomotor symptoms that commonly emerge at menopause. Thus, there are still important insights to be gained from further study of hormone therapy use and dementia risk, especially given the large number of women currently in midlife who are expected to develop dementia in the next few decades (18, 19) . There have been many commentaries and nonsystematic reviews of hormone therapy and dementia but few systematic reviews (20, 21) . Many of the published meta-analyses focused on cognitive decline or impairment rather than dementia (22) (23) (24) . Moreover, previous meta-analyses of dementia were completed over a decade ago when few prospective studies had been conducted (25) (26) (27) . In particular, most of the included studies were retrospective case-control studies, many drawing cases that were diagnosed in health-care settings rather than systematically evaluating participants; some relied on self-or proxy report of hormone therapy use, and many did not adjust for major potential sources of confounding. As we describe further (refer to Discussion), these and other limitations present in most of the studies included in these metaanalyses may have contributed to spuriously beneficial summary associations.
Therefore, we conducted a systematic review to more clearly delineate the scope of and gaps in previous findings on hormone therapy use and dementia and to integrate these findings with newly emerging data. Our aim in this review is to improve on the published literature by providing an updated, comprehensive, systematic review of the scientific data linking hormone therapy to risk of all-cause dementia and Alzheimer's disease, limited to data from studies of dementia that were prospectively conducted, including both observational studies and randomized trials. Where appropriate, we conducted meta-analyses of studies relating postmenopausal hormone therapy to dementia/Alzheimer's disease risk.
MATERIALS AND METHODS

Literature search
We conducted our systematic literature search in the Medline (via PubMed and Ovid) and Embase databases through December 31, 2012. We report our methods in accordance with the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines (28) .
Two investigators (J. O. and J. W. J.) independently performed the literature search. We used the Medline Medical Subject Headings (MeSH) database and the Embase EMTREE thesaurus, as well as relevant article abstracts and metadata, to compile lists of controlled vocabulary and free text terms that were incorporated into our search strategy. Our search terms included keywords for the exposure (e.g., "postmenopausal" or "hormone" or "estrogen"), the outcome (e.g., "dementia" or "Alzheimer"), and study design (e.g., "cohort" or "case-control"). The full Medline and Embase search strategies are provided in Web Table 1 available at http://aje. oxfordjournals.org/.
The selection process involved 3 stages. First, we removed all duplicate citations from the combined results from the Medline and Embase searches, using EndNote software (Thomson Reuters, New York, New York). Second, we reviewed all citation titles and abstracts for their relevance and selected studies for full text review if the title and/or abstract suggested that the study was at minimum a prospective study of the relationship between hormone therapy and dementia. In the final stage, we reviewed the full text of the articles selected in the second stage.
Inclusion criteria. Studies were eligible for inclusion if they met the following 6 criteria: 1) the study was published in a peer-reviewed journal; 2) the cohort/study population was well defined and followed longitudinally, with exposure (hormone therapy) data collected prospectively with respect to dementia assessment; 3) the study presented original epidemiologic data on the association between incident dementia or Alzheimer's disease and use of postmenopausal hormone therapy; 4) the investigators clearly defined use of postmenopausal hormone therapy (and its variants) and provided details on how the hormone use data were obtained; 5) the investigators appropriately adjusted analyses at a minimum for age, using regression, stratification, matching, or restriction; and 6) the authors provided an estimate of association and at least 1 corresponding measure of statistical uncertainty such as a P value, standard error, or confidence interval. These criteria were designed to identify high-quality studies and to ensure that they provided adequate data for meta-analyses. We communicated with study authors when their report indicated that hormone therapy had been assessed but did not present an estimate and/or measure of uncertainty.
Data extraction. For each eligible study, the following data were extracted (by J. O.): year of publication; cohort; number of participants; number of dementia and Alzheimer's disease cases; follow-up time (including duration of case ascertainment, time between use of hormone therapy and start of dementia/Alzheimer's disease assessment, and time between use of hormone therapy and dementia/Alzheimer's disease diagnosis); participants' ages (including when therapy was taken, when follow-up for dementia outcome began, and when cases were diagnosed); method for collecting data on hormone use (e.g., questionnaire, medical record review, prescription database); hormone therapy use classifications and frequencies (e.g., timing of use, duration of use, route of administration, formulation, or any available information); dementia and Alzheimer's disease diagnostic criteria; and process, effect measure, effect estimates, standard errors or information to compute standard errors, and model covariates or other covariates accounted for via stratification. In instances where multiple models were reported, we extracted data from the model with the maximum covariates.
Data analysis
We grouped study findings on the basis of how hormone therapy was categorized (e.g., any vs. minimal or never use, or current vs. former vs. never use), included effect estimates, and selected study characteristics in the tables.
When studies from 4 or more independent samples reported findings with comparable outcomes (Alzheimer's disease or all-cause dementia) and exposure groupings (binary exposure data or categorical data with sufficiently similar categories), we calculated summary estimates of association and 95% confidence intervals. These summary measures were calculated by using random-effects models (29) that use a weighting scheme that incorporates both within-and between-study variance. We also evaluated the presence of heterogeneity across these associations using the I 2 measure (30). To assess whether publication bias may have contributed to the pattern of findings, we used both a quantitative (via the Egger regression asymmetry test) (31) and a qualitative (visual inspection of the Begg funnel plot) approach (31) . The power of these tests in our data is limited, however, because of the relatively small number of studies available for each meta-analysis.
We conducted several sensitivity analyses. From the "any use versus never use" findings, we computed summary estimates excluding studies that relied on database records for diagnostic information rather than systematically evaluating their participants. Separately, we computed a summary estimate excluding the randomized trial result. Finally, because Alzheimer's disease pathology underlies the majority of dementia cases, yet individuals with a dementia diagnosis frequently have mixed pathology, we computed a summary estimate that incorporated all results on Alzheimer's disease dementia plus a result on all-cause dementia from an additional study that did not report results on Alzheimer's disease. Only 3 studies reported results on all-cause dementia, too few to conduct a formal meta-analysis, so-using the same reasoning-we computed a summary estimate that combined these all-cause dementia Hormone Therapy, Dementia, and Alzheimer's Disease 85 a Here, a prospective cohort design refers to a type of study that evaluates cases of dementia (or Alzheimer's disease) that develop among a clearly defined population of people who do not initially have the condition, over a given observation period, with attention to the timing of diagnosis. A nested case-control design refers to a type of study that evaluates cases of dementia (or Alzheimer's disease) that develop over the course of a defined period among a clearly defined population of people who do not initially have the condition, where cases are matched on certain characteristics (e.g., age, location of residence) to controls who do not develop the disease over this time period.
b The age provided is a mean, unless otherwise noted. c Mean age at index year, for cases and controls. d Mean age for cases and controls at the start of follow-up, which includes both men and women. e Median age at index year for cases and controls. f Mean age at index year, calculated as the weighted average of cases and controls. g Mean age at baseline, calculated as weighted average of hormone therapy users and nonusers at baseline. h Calculated age using a weighted average of the median of reported age categories. I Calculated as weighted average from data provided in the paper. j Median age at onset of Alzheimer's disease for cases; controls were matched to case patients within 3 years. k Median. l Calculated as the weighted average from data provided in the paper. Abbreviations: APOE, apolipoprotein E; CI, confidence interval; E, estrogen; E+P, estrogen and progestin combined; NR, not reported; RR, relative risk. a RR, or the relative risk, can be an odds ratio or a hazard ratio depending on the study design and sampling scheme; refer to Table 1 for the specific effect measure reported in each study. b The investigators did not include the following variables in their final model because they determined that further adjustment for them did not appreciably change their findings: education, marital status, ethnicity, and history of either smoking or progestin use.
c The investigators examined other variables that did not affect the results of this study, including age at menopause, age at menarche, years of natural cyclic estrogen exposure, menopause duration, and surgical menopause.
d In contrast to many of the studies based in the United States, in this study women used predominantly transdermal estradiol (with or without progesterone), with less than 20% taking oral estradiol. None of the women took conjugated equine estrogens.
e Hazard ratios for Alzheimer's disease were not provided in the paper. We derived incidence rate ratios by using available data on Alzheimer's disease (number of cases, number of noncases, person-time).
f It is unclear which covariates (if any) were included in the final models, but authors reported that the odds ratio did not change noticeably after adjusting for education, age at menopause, and parity, and it was not different in the stratum of women who had undergone natural menopause or in the stratum of women who used estrogen for more than 1 year.
g This study was not included in our meta-analyses of any versus minimal or no hormone therapy use, as the Shao paper (41) from the same cohort provided updated results from the same study population.
h Authors reported that results did not change appreciably when terms were added separately for diabetes mellitus, cardiovascular disease, depression, or use of nonsteroidal antiinflammatory drugs.
findings with the findings on Alzheimer's disease dementia from 7 additional studies that did not report results on all-cause dementia.
All analyses were conducted by using Stata, version 11, statistical software (StataCorp LP, College Station, Texas).
RESULTS
Literature search results
Our systematic, electronic search strategy returned 2,046 citations from PubMed, Ovid Medline, and Embase; 526 duplicates were removed. We excluded 1,446 citations that did not meet our inclusion criteria (e.g., topic not appropriate, review or editorial, cross-sectional or nonnested case-control study design), leaving 74 articles for full-text review. We then excluded 56 additional articles that did not meet the inclusion criteria (and 3 articles that discussed WHIMS results published elsewhere in greater detail), leaving 15 eligible peerreviewed publications ( Figure 1 ) (11, (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) .
Description of the included studies
This review includes 13 unique study populations. Population sizes ranged from 227 to 7,479; several studies had small numbers of cases (i.e., <5) in specific exposure categories (35, 40, 42) . Two of the cohorts were represented in articles reporting research conducted in separate time periods (Cache County Study (41, 45) , Rochester Epidemiology Project (37, 43) ). Where there was overlap in at-risk person time, we included only the most updated report in our metaanalyses.
Of the 15 articles included in this review, 9 provided data from a prospective cohort design, 5 from a nested case-control design, and 1 from a randomized clinical trial (Table 1 ). All studies collected information on use of hormone therapy either by self-report (e.g., interview or questionnaire) at the start of the study or by electronic prescription database. Most of the prospective cohort studies collected information on the use of hormone therapy via questionnaire, either selfadministered (35) or administered by a trained interviewer in person (32, 34, 38, 39, 42, 45) or by telephone (41) . In the nested case-control studies we reviewed, use of hormone therapy was determined from electronic prescription databases, which were usually maintained by health insurance groups (33, 36, 44) or were part of long-term, regional patient registries (37, 40, 43) . The frequency of hormone therapy use varied widely, ranging from 6% to 62% of study participants.
Most of the studies we reviewed evaluated Alzheimer's disease as the primary outcome; 9 reported results for Alzheimer's disease only (32-35, 37, 40, 42, 43, 45) , 2 reported results for all-cause dementia only (39, 44) , and 4 reported results for both Alzheimer's disease and all-cause dementia (11, 36, 38, 41) . In 2 instances, we contacted the study authors to obtain additional effect estimates for Alzheimer's disease (32) or dementia (39) when these estimates were mentioned but not reported in the papers.
Participants in the prospective cohort studies underwent regular evaluations for dementia as part of follow-up procedures, which is important because many peoplewith Alzheimer's disease are not formally diagnosed by a health professional (46) . Some studies, however, relied solely on medical records for diagnostic information (37, 40, 43, 44) or on a combination of records and cognitive evaluations (33, 36) . Investigators for studies that used the medical record approach maintained that this method would capture most cases within the catchment area; for example, the database covered a clearly defined geographical area with detailed electronic medical records for all patients and controls. Furthermore, all studies included in this review except one (36) reported using standard criteria to diagnose Alzheimer's disease and dementia (e.g., National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA); Diagnostic and Statistical Manual of Mental Disorders, Third Edition, Revised (DSM-III-R); Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV); or International Classification of Diseases, Ninth Revision (ICD-9)). All studies excluded at baseline those with possible dementia or selected controls who were dementia free.
Most of the studies compared Alzheimer's disease or dementia risk among women who ever used hormone therapy (i.e., any history of use) with risk among those who never used hormone therapy. Some studies compared lifetime hormone therapy use with "minimal" use (37, 40, 43) , meaning that some women in the reference group used hormone therapy for an interval (e.g., <6 months) that was not considered long enough by investigators to meaningfully affect Alzheimer's disease or dementia risk. Use of estrogen creams was generally not classified as use of hormone therapy because of a lack of evidence that this form of therapy affects the central nervous system (34, 37, 44) . The length of time over which dementia was assessed ranged from 1 to 16 years. The time between hormone therapy use and dementia assessment was not always available, although some studies tracked use in databases dating back many years (33, 37, 43) , while others asked only about history of use prior to the start of cognitive follow-up (32, 35, 41, 42, 45) .
Meta-analysis and summary of study findings
In this section, we report results for all-cause dementia and Alzheimer's disease dementia together. Articles in this review that reported results for both Alzheimer's disease and all-cause dementia found similar results for each outcome (11, 36, 41) .
Any versus never use. Ten of the articles included in this review, including the WHIMS trial, reported an estimated association between ever-use of hormone therapy and Alzheimer's disease (Table 2) . From the articles included in this meta-analysis, there were a total of 14,363 participants and 1,176 cases of Alzheimer's disease (251 cases with everhormone therapy use). Four articles reported a significant (42, 45) or marginally significant (P = 0.05) (34, 43) inverse association between any use of hormone therapy and Alzheimer's disease risk. Five reports found a relative risk greater than 1 (11, 33, 35, 37, 40) , but confidence intervals were wide and included the null value (relative risk (RR) = 1). Our summary estimate was 0.88 (95% confidence interval (CI): 0.66, 1.16) (Figure 2 ). This summary estimate did not change meaningfully when we restricted these analyses to studies that comprehensively assessed all of their participants for dementia. Moreover, results were similar when we added the 1 paper that reported only on all-cause dementia to the pool of 9 Alzheimer's disease results (summary RR = 0.91, 95% CI: 0.70, 1.18) and when we combined the all-cause dementia results from papers reporting unique results for all-cause dementia (n = 3) withAlzheimer'sdiseasedementiaresultsfrompapersreporting only on this outcome (n = 7) (summary RR = 0.94, 95% CI: 0.71, 1.26). The I 2 measurement corresponding to the analysis of all Alzheimer's disease results was 49% (95% CI: 0, 73), indicating moderate heterogeneity in the individual study estimates. This heterogeneity estimate was similar for all of the alternative scenarios above.
When we excluded the findings from the clinical trial (WHIMS), the summary estimate for hormone therapy use and Alzheimer's disease risk changed slightly but was not statistically significant (summary RR = 0.81, 95% CI: 0.62, 1.06). This exclusion also resulted in a modest decline in the I 2 of 34% (95% CI: 0, 70). However, none of the Egger tests from these meta-analyses, including those that incorporated the WHIMS finding, was consistent with publication bias, and all of the corresponding Begg funnel plots were reasonably symmetrical. Nonetheless, over time, reported estimates have progressed from suggesting a decreased risk of Alzheimer's disease to suggesting an increased risk, with relative risk estimates increasing, on average, by 15% every 5 years (Web Figure 1) . Overall, these findings are not consistent with the hypothesis that hormone therapy use, at least classified as an ever-never phenomenon, prevents Alzheimer's disease.
Duration of use. Eight articles involving 7 unique study populations evaluated duration of hormone therapy (Table 3) . We were unable to conduct a meta-analysis of these results because studies defined duration of use differently. For instance, 1 study tracked duration by the number of prescriptions filled (33), while the remaining studies used time in years, and these studies used unique cutpoints to define duration categories. Three studies found significantly lower risks of Alzheimer's disease among women with the longest duration of use (>1 Figure 2 . Individual and pooled estimates of the association between hormone therapy use (any vs. minimal or no use) and Alzheimer's disease (AD) risk. "All AD, excluding clinical trial" excludes findings from Shumaker et al. (11) . "All AD, studies with comprehensive dx" includes findings only from studies that evaluated all participants for dementia rather than relying on medical records. "AD plus dementia" adds the all-cause dementia findings from Ryan et al. (39) to all AD-specific findings. "Dementia plus AD" uses all all-cause dementia findings, substituting AD-specific findings from 7 studies that did not report results for all-cause dementia. For the study-specific estimates, the reference number is given in parentheses. CI, confidence interval; dx, diagnosis; HR, hazard ratio; OR, odds ratio. "All AD" includes all study-specific estimates shown below.
Hormone Therapy, Dementia, and Alzheimer's Disease 91 b RR, or the relative risk, can be an odds ratio or a hazard ratio depending on the study design and sampling scheme; refer to Table 1 for the specific effect measure reported in each study. c The exposure distribution by category of duration was not reported; 36% reported ever use of hormone therapy, and 64% reported never use of hormone therapy. d The investigators did not include the following variables in their final model because they determined they were not confounders: education, marital status, ethnicity, and history of either smoking or progestin use.
e Other variables that were examined did not affect the results of this study, including age at menopause, age at menarche, years of natural cyclic estrogen exposure, menopause duration, and surgical menopause.
f Total Alzheimer's disease cases. g The investigators considered the following variables: ethnicity, education, and participation group (senior center vs. Medicare sample). However, it is unclear if results from the models of duration of use adjusted for these variables.
h It is unclear which covariates (if any) were included in the final models, but the authors report that the odds ratio did not change noticeably after controlling for the effects of education, age at menopause, and parity and when conducting stratified analyses in women who had undergone natural menopause or who used estrogen for more than 1 year.
i The authors reported that results did not change appreciably when terms were added separately for diabetes mellitus, cardiovascular disease, depression, or use of nonsteroidal antiinflammatory drugs. (45)). In 2 articles women had relative risks of less than 1 in each duration category, although there was no clear trend, and results did not reach significance (33, 34) ; 3 other reports also did not observe any trend of lower risk with longer use (32, 37, 40) .
Timing of use. Reported findings on the timing of hormone therapy use (Table 4) were not consistent across studies. One common but crude approach to explore timing is to categorize women who ever used hormone therapy as current or past users. Four articles reported results for current use of hormone therapy and risk of Alzheimer's disease, and the summary estimate was 0.97 (95% CI: 0.68, 1.38) (I 2 = 0%, 95% CI: 0, 68). Three articles provided results for former use of hormone therapy and Alzheimer's disease risk, and results were variable, with only 1 study reporting a significant reduction in risk among former users (45) . For all-cause dementia, Ryan et al. (38) reported reduced, but not significant, risk for current and former use of hormone therapy compared with never use. We obtained additional results on dementia incidence by request from investigators of the Enquête de Santé Psychologique-Risques Incidence et Traitement (ESPRIT) study (39) , who found elevated, but not significant, risk for current, past, and ever use of hormone therapy.
Other reports contained more detailed information on timing of hormone therapy use. Two articles considered age at initiation. Investigators from the Rochester Epidemiology Project found increased risk among earlier initiators (≤49.5 years) and decreased risk among later initiators (>49.5 years), although neither of these results reached significance (37) , and findings from the Northern California Kaiser Permanente cohort observed that midlife (ages 40-55 years) use was associated with a significant 26% decreased all-cause dementia risk, while late-life (ages ≈70-85 years) use was associated with 48% increased risk (44) . Two articles considered time between menopause and initiation of therapy. Roberts et al. (37) reported an adverse but nonsignificant association among women who started therapy within 2 years of menopause, while new findings from the Cache County Study included a significant and inverse association corresponding to hormone therapy use when initiated within 5 years of menopause onset (RR = 0.70, 95% CI: 0.49, 0.99) (41) , although the upper bound of the confidence interval was close to the null value (RR = 1.0).
Additional
Alzheimer's disease results. Relative Alzheimer's disease risks corresponding to other exposure categorizations-related to dose, formulation of hormone therapy, and route of administration of hormone therapyare displayed together in Table 5 . There were too few studies of any exposure categorization to combine in meta-analyses. Observational studies that reported results according to whether therapy included progestin were inconsistent; some found higher Alzheimer's disease risk for hormone therapy with progestin than for hormone therapy without progestin, although formulation-specific relative risks were not significant (36, 40) . The recent Cache County Study found an inverse association of unopposed estrogen use with Alzheimer's disease risk (RR = 0.70, 95% CI: 0.49, 1.01) (41) . In contrast, the WHIMS randomized trial found increased risk of Alzheimer's disease for both unopposed estrogen use and estrogen plus progestin use (from our extracted Alzheimer's disease results for CEE alone: RR = 1.47, 95% CI: 0.58, 3.91; for CEE+MPA: RR = 1.74, 95% CI: 0.71, 3.91). However, none of these findings from the Cache County Study and the WHIMS was statistically significant.
One study differentiated use by route of administration (33) (oral vs. vaginal) and found a nonsignificant decreased risk for use of oral estrogens but a nonsignificant increased risk for use of vaginal estrogens. Finally, the 2 studies from the Rochester Epidemiology Project, which had detailed records of prescriptions in a local population, considered how cumulative dose of hormone therapy may influence Alzheimer's disease risk, and, while women with the highest cumulative doses had lower Alzheimer's disease risk, results did not reach significance (37, 43) .
DISCUSSION
In this review, we present results from a series of prospective studies on postmenopausal hormone therapy (including estrogen alone or in combination with progestin) in relation to dementia and Alzheimer's disease risk that suggest no impact on risk for Alzheimer's disease or all-cause dementia. Our summary estimates for ever versus never users were null whether or not we included the clinical trial result that hormone therapy actually increases dementia risk and were robust to a variety of alternative outcome definitions.
These null findings are noteworthy in light of prior metaanalyses of observational studies, conducted over a decade ago, that found inverse associations between hormone therapy use and dementia risk. These earlier meta-analyses were interpreted with caution because the included studies often suffered from methodological limitations (25) (26) (27) . By contrast, our meta-analysis included only prospective studies meeting prespecified inclusion criteria. In addition, an examination of the studies included in our review shows that the reported associations between hormone therapy use and dementia tend to shift over the 18-year span from suggesting protection to suggesting no benefit or harm. We discuss here potential reasons for this shift in findings over time, both from previous reviews to the present one and within our own review over time. We also explore possible ways that our null results could mask potential nuances in the relation of hormone therapy use to dementia risk, whether beneficial or harmful (e.g., aspects of hormone therapy such as formulation, timing, duration, and so on), and identify areas where further research is needed.
Prior findings and time trends
The differences between our findings and those of earlier meta-analyses are partly accounted for by our inclusion criteria. Many of the observational studies included in prior reviews did not meet our inclusion criteria; for example, of the 10 studies included in 1 previous meta-analysis (25) , onlyprevious meta-analyses were conducted, and, as noted earlier, there was a time trend, with studies from the 1990s more often showing protection to those from 2000 forward more often showing no association or harm. This pattern may reflect publication bias prior to the release of the first-deleterious-WHI findings in 2002. It could also reflect improvements in how the studies were conducted or changes in the predictors of hormone therapy use over time.
Measurement error and study design. All studies included in our review evaluated hormone therapy use prospectively in relation to dementia risk, and most systematically evaluated their study populations for dementia. By contrast, when previous systematic reviews were conducted, many of the available studies were either cross-sectional (47) or had collected data on hormone therapy use retrospectively (e.g., after dementia diagnosis occurred). In addition, many previous studies drew cases and controls from populations that were not well defined or comprehensively evaluated.
Determining history of hormone therapy use is a concern in studies that relied on self-report, but it is especially challenging in retrospective settings. People with prodromal memory symptoms-undetected by screening-may be less likely to recall past use of hormone therapy, which could lead to spurious protective effects. This is especially problematic in studies that collected exposure information from older women, who would have been trying to recall hormone therapy use over a longer interval and would have been more likely to have early cognitive changes. Worse still, in retrospective studies, some women may have ceased using hormone therapy because they had developed dementia symptoms.
Misclassification of the outcome is also possible, and some older studies were especially susceptible to this problem by defining cases according to cause of death (48) . Although our review did not include studies that relied solely on hospital records or death certificate data, we did include several studies that used medical databases for case detection (33, 36, 37, 40, 43, 44) . Even though this approach can also incompletely capture all dementia cases, most of these databases included entries for outpatient visits in addition to hospitalizations and therefore were more comprehensive in detecting cases than older studies that relied on death certificate or hospitalization data alone. Moreover, excluding the medical database studies did not appreciably change our summary estimate.
Finally, many studies included in previous reviews followed a case-control design in which cases and controls may have been sampled in ways that were related to hormone therapy use or its measurement. For example, some studies selected cases from hospital rosters, which may represent the most severe cases and also those with the least reliable data on hormone therapy use.
Confounding. One of the most noted problems in observational studies of hormone therapy is that users differ from nonusers in fundamental ways, including being more educated, being more affluent, having better access to health care, and (at least until the publication of the WHI results) being more health conscious. Consistent with this, users tended to have fewer cardiovascular risk factors (16) and to have access to more and higher quality health services. Many studies included in previous systematic reviews did not adjust for education or other indices of socioeconomic position. Although many of the studies in our review adjusted for more potential sources of confounding than in older studies, very few considered a wide constellation of socioeconomic confounders, even though hormone therapy use appears to vary independently by several dimensions of socioeconomic position (49) (50) (51) . These issues could have led to spurious protective effects or to a masking of detrimental effects, especially in studies that did not account for other dementia risk factors beyond age and education (52) . In addition, socioeconomic predictors of hormone therapy use are likely to have shifted over time in complex ways, with use initially and gradually growing more widespread followed by changes in use in response to the publicity around the WHI results (53, 54) . Overall, complex changes in patterns of confounding could explain some of the differences between earlier reviews and our own, as well as the time trends within our own review.
Publication bias. Publication bias could certainly account for the differences between our review and previous metaanalyses, as nonnull findings-especially those supporting the benefits suggested in animal data-would be more interesting early on, and null findings more so over time, particularly after the release of the first deleterious findings from the WHI in 2002. While Egger's tests and Begg's funnel plots did not reveal any blatant publication bias in our study, these tests are underpowered when fewer than 20 studies are assessed.
Questions regarding key dimensions of hormone therapy use
The effects of hormone therapy on dementia risk may depend on a variety of factors, including formulation (especially whether progestin is present), the dosing schedule (i.e., formulas where both estrogen and progestin are taken daily vs. formulas that include progestin for only part of the month), the route of administration (e.g., oral, transdermal), and the timing of use in the life span (timing relative to menopause as well as duration of use). Few studies were able to capture all of the differences in hormone therapy usage that may bear on dementia risk, because either the investigators lacked the necessary information or sample size did not allow for separate or subgroup analyses. These factors may have contributed to some of the changes in findings over time. In addition, there might be undetected differences in the impact of hormone therapy on dementia risk across these dimensions, so further research is needed in all of these areas.
Formulation and dosing schedule. During the time the studies were conducted, the majority of participants in the United States likely took unopposed, oral conjugated estrogen (e.g., Premarin; Pfizer, Inc. (formerly Wyeth-Ayerst Pharmaceuticals), New York, New York). Many studies reviewed here either did not provide information about formulation (34, 35) , or they analyzed opposed and unopposed estrogen therapies together typically because they had insufficient sample size for separate analyses (38, 42, 43, 45) . Studies reporting results for specific formulations of hormone therapy (36, 40, 41) were inconsistent. In the WHIMS, the largest data set providing information on formulation, women assigned to estrogen plus progestin had a significantly elevated all-cause dementia risk, but women assigned to estrogen alone had elevated all-cause dementia risk that was not Hormone Therapy, Dementia, and Alzheimer's Disease 97 Table continues statistically significant. Risk of Alzheimer's disease was elevated for both treatment groups but did not achieve statistical significance (11) . The formulation of hormone therapy could be important for dementia risk; in some tissues (e.g., the uterine lining), progestin prevents certain actions of estrogen (55) , and the specific effects on the nervous system are known to differ depending on whether the hormone preparation includes progestin (56, 57) . If opposed and unopposed formulations have different effects on Alzheimer's disease risk, then combining different hormone therapy types into one exposure group could mask formulation-specific associations with dementia risk. Furthermore, the dosing schedule (i.e., whether estrogen and progestin are taken daily in continuous therapy or whether daily estrogen is accompanied by progestin for 10-14 days of the month to simulate hormone levels in a menstrual cycle in sequential therapy) could affect dementia risk. The WHIMS trial used a continuous dosing schedule, while most women in the observational studies (who used combined hormone therapy) used sequential preparations (58) . To our knowledge, no study has directly compared the effects of sequential versus continuous combined hormone therapy on dementia risk.
Route of administration. The observational studies reported here rarely evaluated different routes of administration, but, during the period when most of these studies were conducted, hormone therapy was typically taken orally in the United States, so these findings cannot be generalized to hormones administered by transdermal patches, gels and creams, vaginal rings, and injections, which are in increasingly common use in recent years (59) . For example, orally-but not transdermally-administered estrogen induces hepatic effects such as increased production of C-reactive protein, an acutephase reactant, via first-pass metabolism in the liver (60) . Even though the relation of peripheral C-reactive protein to Alzheimer's disease is unclear, a higher level of C-reactive protein does appear to be associated with increased dementia risk (61) . Other delivery-based differences in metabolism (62) may also alter any impact of estrogen on Alzheimer's disease risk. That said, a 2-year trial of ultra-low-dose transdermal estrogen found no significant difference in cognitive outcomes between those using the patch and those on placebo (63) . Yet there is a lack of evidence from large, randomized clinical trials that examine the efficacy and safety of alternative hormone therapy formulations (e.g., low-dose estrogen, transdermal estrogens, vaginal estrogens).
Timing and duration of use. Most of the studies in this review did not distinguish at what age or at what time relative to menopause the participating women used hormone therapy. However, hormone use in the observational studies was more likely to begin in midlife, near the time of menopause, while in the WHIMS women were assigned hormone therapy long after menopause onset. To the extent that timing of initiation has been analyzed separately, the current literature provides no indication that early initiation of hormone therapy use is related to reduced dementia risk. Two recent observational studies found significant reductions in risks for Alzheimer's disease (41) and all-cause dementia (41, 44) associated with initiation near the time of menopause. However, not all studies in this review found inverse associations for earlier initiation of hormone therapy; in one study, risk was actually a RR, or the relative risk, can be an odds ratio or a hazard ratio depending on the study design and sampling scheme; refer to Table 1 for the specific effect measure reported in each study.
b
It is unclear which covariates (if any) were included in the final models, but the authors report that the odds ratio did not change noticeably after controlling for the effects of education, age at menopause, and parity and when conducting stratified analyses in women who had undergone natural menopause or who used estrogen for more than 1 year.
c Total Alzheimer's disease cases.
d
Hazard ratios for Alzheimer's disease were not provided in the paper. We derived incidence rate ratios by using available data on Alzheimer's disease (number of cases, number of noncases, person-time).
e The investigators did not include the following variables in their final model because they determined that adjusting for them did not appreciably change the findings: education, marital status, ethnicity, and history of either smoking or progestin use.
Hormone Therapy, Dementia, and Alzheimer's Disease 99 higher in those who used hormone therapy earlier, although the findings were not significant (37) , and another study found no benefit of starting hormone therapy within 10 years of menopause (36) . Findings from the WHIMS, where hormone therapy was assigned long after menopause onset, support an increased dementia risk (17, 64, 65) . The duration of hormone therapy use is closely tied to time of initiation (i.e., longer duration of use implies earlier initiation), and several of the studies reviewed here categorized exposure by duration of use (32-34, 37, 40, 42, 43, 45) . However, definitions of "long" duration varied widely, and even though some studies found significantly reduced risks of Alzheimer's disease in longer duration categories (42, 43, 45) , there were very few cases in the longest duration categories, and taken together these findings do not provide evidence that duration of use plays a role in dementia risk. There is an urgent need for further research on the role of the timing and duration of hormone therapy use on cognitive outcomes, and randomized trials addressing this issue are underway (e.g., the Kronos Early Estrogen Prevention Study (KEEPS) (66) and Early versus Late Intervention Trial with Estradiol (ELITE)). Earlier initiation may also correspond to hormone therapy use in the presence of minimal existing disease burden, and further research should clarify the risk-benefit profile of hormone therapy use for varying degrees of preexisting cardiovascular and neurological disease.
Strengths and limitations
This systematic review and meta-analysis has several strengths, including our comprehensive and systematic search strategy, methodology, and stringent criteria to ensure that only high-quality studies were included. Furthermore, the review provides information from many additional studies that could not be included in a meta-analysis, as well as qualitative information on all of the studies that help to interpret the body of research. The display of findings not only shows the full scope of prospective research conducted on hormone therapy and dementia but also highlights areas where data are lacking, sometimes severely (e.g., data on Alzheimer's disease and dementia risk by timing of hormone therapy use, duration of use, formulation, and route of administration).
Our work also has several limitations. Our conclusions about hormone therapy use and all-cause dementia risk are limited because of the small number of studies that evaluated this outcome. However, consistent with findings for Alzheimer's disease or dementia outcome, a brief review of analyses of studies examining cognitive decline, which in many cases represents the prodromal phase of Alzheimer's disease or other dementias (67) , also revealed inconsistent findings in prospective observational studies (20, (68) (69) (70) , in the WHIMS (12, 13, 71, 72) , and in other clinical trials over the short or long (up to 5 years) term (22) . Studies also varied in the disparate ways that they categorized the exposure. Additionally, analyses of hormone therapy typically have smaller sample sizes than those of other risk factors because only women can be included, which may limit statistical power. Smaller sample sizes and, in particular, the smaller case numbers that result also limit the number of covariates that can be included in the analytical models and, therefore, the ability to adjust for confounding. In addition, the wide variety of formulations, broad age range, and other factors described above call for stratified analyses, but sample sizes limit these approaches.
Conclusion and recommendations
For many years, postmenopausal hormone therapy was viewed as a promising treatment for the prevention of agerelated diseases in women. However, in our systematic review of the literature, there does not appear to be a benefit for dementia. The widely publicized results of the Women's Health Initiative Study and associated Women's Health Initiative Memory Study, published in 2003 (10) and 2004 (11) , led to markedly decreased use of hormone therapy (73) . Prescribing patterns continue to change since the publication of these results. There have been an overall decrease in hormone therapy use and, specifically, a decrease in use of oral high-dose estrogen formulations and relative increase in use of lowdose estrogen oral formulations and transdermal and vaginal formulations (74, 75) . However, there is little information about how these other forms of hormone therapy affect dementia or Alzheimer's disease risk.
Although ongoing studies address issues about formulation and timing, hormone therapy is not recommended for prevention of dementia or other chronic diseases (14) . However, estrogen remains one of the most effective treatments for relief from the vasomotor symptoms of menopause. The North American Menopause Society stresses the importance of considering individual risk profiles, because temporary use of hormone therapy may be appropriate to treat low-risk women with severe menopausal symptoms (76) . In terms of dementia, there is a lack of available data on key questions, particularly related to the timing, form, and dosage of hormone therapy use, and we look forward to the results of future research addressing these questions as more women face decisions about hormone therapy as they enter menopause.
